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Abstract Background
Population-based studies have confirmed that the prevalence of vitamin D deficiency is substantial in many societies, and is of particular concern in pregnant women. Vitamin D deficiency during pregnancy is associated with a wide range of adverse maternal and offspring health outcomes. To date, studies of vitamin D deficiency during pregnancy have focused on measurements at one or two time points in isolation. We examined both midgestation and cord blood 25 hydroxyvitamin D (25OHD) concentration and explored the prevalence and correlates of vitamin D deficiency in a large ethnically diverse cohort of pregnant women and their infants in the Netherlands.
Methods
This study was embedded in the Generation R Study, a population-based prospective cohort from fetal life onwards in Rotterdam, The Netherlands. Using a highly sensitive tandem mass spectroscopy-based assay, we measured 25OHD in 7,256 midgestation samples (mean gestation 20.6 weeks) and 5,023 neonatal cord blood samples (mean gestation 40.0 weeks). Using a conservative threshold of less than 25 nmol/L to define vitamin D deficiency, we examined the prevalence and socio-demographic correlates of vitamin D deficiency in mothers and infants. We also derived a measure of vitamin D deficiency based on the two time points in order to explore persistent vitamin D deficiency in mother-infant pairs.
Results
The prevalence of vitamin D deficiency at midgestation was 26%, while in neonates 46% were deficient. 21% of the mother-infant pairs had persistent vitamin D deficiency (i.e. deficient in maternal and cord samples) and an additional 29% were vitamin D deficient in one of the two samples only. Persistent vitamin D deficiency was strongly associated with non-European ancestry and spring birth.
Conclusions
A sizeable proportion of women and their neonatal offspring in the Generation R cohort were vitamin D deficient. In light of the large body of evidence linking vitamin D deficiency with adverse health outcomes for pregnant women and their offspring, our findings indicate a large unmet need in this population. In particular, women and infants from non-European ethnic background are at high risk of vitamin D deficiency.
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INTRODUCTION
Large population-based studies have repeatedly demonstrated that vitamin D (as assessed by 25 hydroxyvitamin D concentration; 25OHD) deficiency is common in many countries (Lips, 2010) . In particular, there is widespread concern about the high prevalence of vitamin D deficiency during pregnancy (Hollis and Wagner, 2006) . It can be difficult to delineate the proportion of pregnant women exposed to vitamin D deficiency because vitamin D status varies according to how deficiency is defined, as well as factors such as latitude, season of testing, and skin colour (Keim et al., 2014 , Bodnar et al., 2007 , Vandevijvere et al., 2012 , Wuertz et al., 2013 . Recent narrative reviews suggested that the prevalence of vitamin D deficiency during pregnancy can be alarmingly high (e.g. 84% (Brannon and Picciano, 2011) (also see review (Ponsonby et al., 2010) ).
The concern about vitamin D deficiency during pregnancy reflects the robust evidence linking this exposure to higher risk of rickets in the offspring (Wharton and Bishop, 2003) and an increased risk of obstetric complications (Aghajafari et al., 2013 , Nassar et al., 2011 , Wei et al., 2013 . There is also preliminary evidence to suggest that vitamin D deficiency may be linked to a range of later adverse health outcomes in the offspring (Boucher, 1998 , McGrath, 2001 , Brannon and Picciano, 2011 , Christesen et al., 2012 , Thorne-Lyman and Fawzi, 2012 , Zipitis and Akobeng, 2008 , Ponsonby et al., 2010 .
When it comes to defining exposure to vitamin D deficiency during gestation, there are two inter- (Holick, 2007) . While the debate continues about the optimal levels of vitamin D for all health outcomes (Maxmen, 2011) , there is general agreement that concentrations of less than 25 nmol/L are associated with an increased risk of adverse health outcomes.
There has been less attention on the duration of exposure to vitamin D deficiency during gestation.
The circulating half-life of vitamin D is approximately 2 to 3 weeks (Holick et al., 2011) , and thus during a 40 week pregnancy, vitamin D concentrations could vary as a result of a wide range of exogenous factors (e.g., exposure to ultraviolet radiation across different seasons, changes in outdoor behaviour during the pregnancy, change of diet, intake of multivitamins etc). Longitudinal studies confirm within-individual fluctuations in vitamin D status (Brannon and Picciano, 2011) .
Leaving aside exogenous factors, it is generally thought that vitamin D concentrations do not vary systematically by trimester. However, the concentration of the active hormone 1,25 dihydroxyvitamin D has been reported to increase in the third trimester (Hillman and Haddad, 1974 , Brannon and Picciano, 2011 , Ponsonby et al., 2010 .
To date, studies with both prenatal and cord blood samples have tended to focus on the correlations between the two variables rather than derive a time-course related metric (Wielders et al., 2006 , Keim et al., 2014 , Wuertz et al., 2013 . The combination of the two variables can provide insights into the proportion of mothers and their infants with vitamin D deficiency that is persistent during gestation and neonatal life. Because the fetus is entirely dependent on maternal supply, and because of the relatively long half-life of 25OHD (approximately 2 to 3 weeks), cord blood assays can serve as a proxy measure of late gestation vitamin D concentration (Hillman and Haddad, 1974, Salle et al., 2000) . Note that maternal concentrations of 25OHD at the time of delivery are generally somewhat higher than neonatal cord blood concentrations, which may reflect a range of factors including the higher concentrations of the vitamin D binding protein during pregnancy (Zhang et al.) , If developmental vitamin D deficiency is linked to later adverse health outcomes in the offspring, then it is appropriate to examine measures that index the duration of exposure as well as the absolute level of 25OHD concentration.
We had the opportunity to examine the prevalence and socio-demographic correlates of vitamin D deficiency in a large, well-characterized multi-ethnic Dutch cohort of pregnant women and their infants. In particular, because we had access to both midgestation (approximately 20 weeks) and cord blood, we could determine the prevalence of mother-infant pairs that were vitamin D deficient at (a) both time points (henceforth referred to as 'persistent' vitamin D deficiency); (b) only one time point (midgestation or cord blood but not both; henceforth referred to as 'transient' vitamin D deficiency), and (c) neither time point (non-deficient). We were particularly interested in defining the prevalence and socio-demographic correlates of mother-infant pairs with persistent vitamin D deficiency, as we believe that previous studies that presented single time points may have masked this feature of vitamin D deficiency.
METHODS

General design
This study was embedded in the Generation R Study, a population-based prospective cohort in Rotterdam, The Netherlands, from fetal life onwards. The Generation R Study is extensively described elsewhere (Kruithof et al., 2014 , Jaddoe et al., 2012 . Briefly, the study is designed to identify environmental and genetic factors associated with health related outcomes during fetal life and childhood. In total, 9,778 expecting mothers with a delivery date from April 2002 until January 2006 were enrolled in the study. The Generation R cohort includes a wide range of ethnic and migrant groups. The distribution of ethnic backgrounds within the current study sample is representative of the ethnic distribution of the total Generation R Study as well as the population of Rotterdam. Supplementary Table 1 provides an overview of the ethnicity distribution of the sample.
Apart from the Dutch, roughly half of the sample, the main ethnic groups are Surinamese, Turkish, Moroccan, and Cape Verdian, together these ethnic groups comprise almost 30% of the sample. The total sample consisted of 7,507 independent mothers. Pregnancies from multiples were excluded from the association analyses (N=77). Supplementary Figure 1 depicts a Flowchart of the study participants.
Mean gestational age of the mothers at time of prenatal assessment (henceforth referred to as 'midgestation') was 20.6 weeks (range 18.1-24.9, standard deviation 1.2), mean gestational age at time of birth was 40.0 weeks (range: 27.6-43.6, standard deviation 1.5). The Medical Ethical Committee of the Erasmus Medical Centre, Rotterdam (MEC-2007-413-NL21545.078; MEC 198.782.2001.31; MEC 217.595/2002/202; MEC-2007 -413, MEC-2012 ) approved the study protocol.
Assessment of vitamin D status
Total 25OHD was reported as the sum of 25-hydroxyvitamin D2 (25OHD2) and 25-hydroxyvitamin D3 (25OHD3) species measured in plasma using a modification of a method previously described (Eyles et al., 2009 and evaporated to dryness. Samples were derivatised using 4-phenyl-1,2,4-triazoline-3,5-dione (PTAD) and reconstituted in ACN:H 2 O (1:3) prior to analysis. Samples were quantified using isotope dilution liquid chromatography-tandem mass spectrometry. The analytical system was comprised of a Shimadzu Nexera UPLC coupled to an AbSciex 5500 QTRAP equipped with an APCI source.
Chromatographic separation was achieved using a Kinetex XB-C18 column (50 ×2.1mm, 1.7µm; Phenomenex, USA), and 72% acetonitrile/32% aqueous 0.1% formic acid at a flow rate of 0.5 mL/min. Linearity of 25OHD concentration was assessed using matrix-matched calibration standards, with R 2 values of >0.99 across the calibration range (10 -125 nmol/L). Assay accuracy was assessed at four concentration levels for 25OHD3 (48.3, 49.4, 76.4, 139 .2 nmol/L) and a single level for 25OHD2 (32.3 nmol/L) using certified reference materials purchased from the National Institute of Standards and Technology (NIST) (NIST SRM 972a Levels 1-4), and was excellent at all concentration levels tested (<10% and <17%, respectively). Assay repeatability was assessed via replicate analysis of an independent reference material (NIST SRM1950, 61.9 nmol/L 25OHD3). Inter-assay imprecision was <11% (n=343). The method limit of quantification was 1 and 5 nmol/L for 25OHD3 and 25OHD2, respectively. All samples were analysed at the Queensland Brain Institute in Brisbane, Australia, from July 2013 to August 2014.
Analyses
Univariate analyses (mean, standard deviation, median, interquartile range) for 25 hydroxyvitamin D 2 , 25 hydroxyvitamin D 3 and total 25OHD will be presented. Because there is consistent evidence indicating that relationship between the 25OHD concentration and health-related outcomes is nonlinear (Institute of Medicine, 2010) , for the bivariate and multivariate analyses, we focused on estimates related to 25OHD concentrations when stratified into three levels; deficiency (less than 25.0 nmol/L), insufficiency (25-49.9 nmol/L) and sufficiency (50 nmol/L or more; reference category).
With respect to persistency of exposure, we compared three strata; persistent deficiency (less than 25.0 nmol/L at both time points), transient deficiency (less than 25.0 nmol/L at either time point), and non-deficient (25.0 nmol/L or higher at both time points; reference category).
Models were adjusted for maternal variables including maternal age, ethnicity, body mass index (BMI), season of testing, smoking during pregnancy, and intake of multivitamins during pregnancy and offspring variables including gestational age, ethnicity, season of blood sampling, child's sex, birth weight, and intake of multivitamins during pregnancy. Ethnicity was grouped as European and Non-European, where European was defined as Dutch, European American, Oceania, and other European. Non-European was defined as Indonesian, Cape Verdian, Moroccan, Dutch Antilles, Surinamese, Turkish, African, Non-European American, and other Asian. Those individuals without information on ethnicity were excluded from the European and Non-European subsamples.
To account for family clustering in the data, a proportion of the mothers participated more than once forming familial relatedness in the data, we fitted generalized linear mixed models where family clusters were fitted as random effects and maternal and offspring variables were fitted as fixed effects. The statistical analyses were completed using R 3.1.1 (R Core Team, 2014). Frequency counts for the socio-demographic variables of interest are provided in Supplementary   Table 3. Prevalence of maternal and cord blood deficiency (deficient, insufficient, and sufficient), and the prevalence of persistent-, transient-, and non-deficiency are summarized in Tables 1 and 2, respectively. Prevalence of vitamin D deficiency was higher for mothers with a Non-European ethnic background compared with those with a European ethnic background. Independent of ethnic background, proportion of vitamin D deficiency was higher in infants' cord blood samples, compared with maternal serum samples at midgestation. Strikingly, 21% of the women-infant pairs showed persistent deficiency (i.e., both maternal and cord blood samples were deficient). The prevalence of women-infant pairs with persistent deficiency was much higher within Non-Europeans (44%) compared with Europeans (3%). Tables 3 and 4 show the results from logistic regression analyses for midgestational and cord vitamin D, respectively, versus selected socio-demographic variables. Older pregnant women showed a decreased risk of vitamin D deficiency, whereas women from a non-European ethnic background, with high BMI, who smoke, and women who do not take multivitamins during pregnancy showed an increased risk of vitamin D deficiency. The risk of deficiency was also higher when the blood was drawn in months with less sunshine. In cord blood samples, vitamin D deficiency was more prevalent in infants with a non-European ethnic background, infants born in winter, infants with,lower birth weight, and infants whose mothers did not take multivitamins during pregnancy. The general pattern of findings persisted in multivariate models (where predictors were adjusted for the other socio-demographic variables) (Supplementary Tables 4 and 5) . Table 5 shows results from logistic regression analyses for persistent and transient deficiency versus socio-demographic variables. Older pregnant women and their infants were at lower risk of having persistent or transient deficiency whereas women from a Non-European ethnic background, those with high BMI, those smoking and those not taking multivitamin supplements were at higher risk for persistent or transient deficiency. The association between season of testing at birth and Persistent Deficiency was especially strong in Spring, which is to be expected since midgestation sera was drawn on average 20 weeks earlier (i.e. in autumn/winter). The general pattern of findings persisted in multivariate models (Supplementary Table 6 ).
RESULTS
Standard
The association between midgestation and cord 25OHD concentrations is graphically represented in Supplementary Figure 2 
DISCUSSION
Over one quarter (26%) of pregnant women in the Generation R cohort were vitamin D deficient during midgestation, and nearly half of the offspring (46%) were vitamin D deficient based on cord blood samples. One in five mother-infant pairs (21%) were vitamin D deficient on both occasions (midgestation and cord) and an additional 29% were deficient on one occasion (either midgestation or cord). Our results show that seasonality and non-European ethnicity are strongly associated with an increased risk of vitamin D deficiency in pregnant women and their infants. 44% of the motherinfant pairs with a non-European background, e.g., Moroccan, Turkish, Cape Verdian, and African, had persistent vitamin D deficient, suggesting that these offspring had been exposed to developmental vitamin D deficiency throughout gestation. Our findings are broadly consistent with previous Dutch studies that have examined either maternal serum or cord blood (Dijkstra et al., 2007 , Wielders et al., 2006 , Leffelaar et al., 2010 , van der Meer et al., 2006 .
The offspring of mother with vitamin D deficiency are at increased risk of rickets, a disorder that is becoming increasingly recognized in the developed world (Beck-Nielsen et al., 2009, Elder and . There is also a body of research linking suboptimal vitamin D during pregnancy with increased risk of pregnancy related disorders such as gestational diabetes, pre-eclampsia and offspring being small for gestational age (Aghajafari et al., 2013 , Wei et al., 2013 , Harvey et al., 2014 and other research linking suboptimal vitamin D levels early in life with adverse health outcomes later in life (Boucher, 1998 , McGrath, 2001 , Brannon and Picciano, 2011 , Christesen et al., 2012 , Thorne-Lyman and Fawzi, 2012 , Zipitis and Akobeng, 2008 , Ponsonby et al., 2010 .
To the best of our knowledge, we report for the first time prevalence estimates related to persistent versus transient vitamin D deficiency in mother-infant pairs. Our findings related to this measure of persistency have potential public health implications. If persistent developmental vitamin D deficiency is associated with a greater risk of adverse health outcomes in the offspring (compared to transient deficiency), then these women and their offspring warrant targeted screening and assertive treatment. In our study we have identified risk factors for these motherinfant pairs, facilitating the identification of high-risk groups.
It remains to be seen if the association between vitamin D status and adverse health outcomes is causal, or reflects reverse causality or confounding. Randomized controlled trials of vitamin D supplementation during pregnancy have clarified issues related to optimal dosing and safety (Wagner et al., 2013b , Wagner et al., 2013a but larger trials will be needed in order to focus on the range of adverse health outcomes associated with gestational vitamin D deficiency.
In the meantime, compliance and implementation of current recommendations for the use of vitamin D supplementation in at risk groups in the Netherlands warrants further attention (Weggemans et al., 2009) . Despite the link between vitamin D deficiency and ethnicity being well described in European studies (van der Meer et al., 2010 , van der Meer et al., 2006 , Lips, 2007 , Wielders et al., 2006 , the results of our study indicate that during the period of recruitment for this study (2002) (2003) (2004) (2005) (2006) (De-Regil et al., 2012 , Wagner et al., 2012a , Wagner et al., 2012b , Balvers et al., 2015 . Based on results from the current study, we can conclude that recommendations should be amended and effort is required to implement guidelines into general practitioner and midwife clinics.
Strengths and limitations of the study
The study has several important strengths. The 25OHD assay for entire samples were run on 'gold standard' tandem mass spectroscopy (Farrell et al., 2012 , Moon et al., 2012 , by the same laboratory, and using NIST reference samples. The sample is large, and broadly representative of multi-ethnic population of the Dutch city of Rotterdam and other urban areas. Having access to 25OHD concentrations in maternal serum at midgestation and infant cord blood allows us to infer the persistence of vitamin D deficiency in mother-infant pairs, an aspect that has received little attention in previous studies.
In our analyses we did not perform correction for multiple testing in our bivariate and multivariate association analyses; we did however have strong priors for the observed associations and the effect sizes were substantial. Finally, the Generation R cohort is extensively phenotyped on a range of health-related outcomes (including 25OHD concentrations in a subgroup of the offspring at age 6 (Voortman et al., 2015) ), making this a valuable cohort for future exploration of association between vitamin D deficiency as well as the degree of persistence of the deficiency, and later health outcomes.
Conclusions
Our study demonstrates that a sizeable proportion of Dutch pregnant women and their newborn children are vitamin D deficient. Nearly a quarter (21%) of the mother-infant pairs were exposed to persistent developmental vitamin D deficiency, and this proportion was even higher in families from non-European ancestry (44%). There are safe, cheap and readily-available treatments for vitamin D deficiency (Holick and Chen, 2008 , Holick, 2007 , Vieth et al., 2007 . Our task is to develop public health programs and targeted intervention programs for at-risk groups that address the particular needs of pregnant women and their offspring. These analyses includes all entries for which cord blood vitamin D was available (total n=5,023); Twin births are excluded (N=77); y = years of age; ref. refers to the reference category in the generalized mixed linear model; OR = odds ratio; 95%CI = 95% confidence interval around the OR; ***= p<0.001, **=p<0.01, *=p<0.05
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